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Abstract
The parallel polarization electron paramagnetic resonance (EPR) method has been applied to investigate manganese EPR
signals of native S1 and S3 states of the water oxidizing complex (WOC) in photosystem (PS) II. The EPR signals in both
states were assigned to thermally excited states with S = 1, from which zero-field interaction parameters D and E were
derived. Three kinds of signals, the doublet signal, the singlet-like signal and g = 11^15 signal, were detected in Ca2-depleted
PS II. The g = 11^15 signal was observed by parallel and perpendicular modes and assigned to a higher oxidation state
beyond S2 in Ca2-depleted PS II. The singlet-like signal was associated with the g = 11^15 signal but not with the YZ (the
tyrosine residue 161 of the D1 polypeptide in PS II) radical. The doublet signal was associated with the YZ radical as proved
by pulsed electron nuclear double resonance (ENDOR) and ENDOR-induced EPR. The electron transfer mechanism
relevant to the role of YZ radical was discussed. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Photosynthetic oxygen evolution is catalyzed by a
tetra-nuclear manganese cluster located on the donor
side of photosystem (PS) II. Several cofactors, two or
three extrinsic proteins, calcium and chloride are re-
quired to evolve oxygen [1^3]. Molecular oxygen is
produced by reactions through ¢ve distinct kineti-
cally characterized, intermediate states labeled Si
(i = 0^4), of which S1 is thermally most stable in
the dark. By absorbing photons one by one, the S1
state advances stepwise to reach the highest oxida-
tion state, S4, which decays spontaneously to the S0
state with the concurrent release of molecular oxy-
gen. After long dark-adaptation, all the centers are
populated in the S1 state [1^3].
Since the discovery of the multiline signal [4], a lot
of electron paramagnetic resonance (EPR) work has
been carried out on the manganese cluster. The mul-
tiline signal in the S2 state is centered at g = 2 with an
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overall width of approximately 1600 G. It exhibits
19^21 partially resolved hyper¢ne lines spaced by
85^90 G, ascribed to the ground state of S = 1/2
[5,6]. Detailed spectral simulations of this signal sug-
gest that the manganese cluster is a multinuclear
complex including a Mn(III)^Mn(IV) pair in the S2
state [7] The other signal from the S2 state has been
observed at the ¢eld position of g = 4.1 with a peak-
to-peak width approximately 400 G [8^11]. Upon
illuminating the sample at 140 K, the g = 4.1 signal
was induced preferentially to the multiline [8,10].
This signal converts to the multiline signal when an-
nealed at 200 K in the dark. The two signals are
generated concurrently upon illumination at 200 K
in the presence of sucrose [9]. The g = 4.1 signal has
been assigned to a spin 5/2 [12,13] or a 3/2 spin [14^
16] state of the Mn-cluster. The multiline signal was
found to convert to the g = 4.1 signal upon near in-
frared (NIR) illumination around 820 nm at about
150 K [17]. This conversion was thermally reversed
at 200 K. Boussac et al. further found that NIR
illumination at 65 K converts the multiline signal
into another S2 state form giving rise to signals at
g = 10 and 6 [18].
Recently, several new EPR signals have been as-
cribed to the S0, S1 and S3 states, [19^27]. The S0
state EPR signal, which has a hyper¢ne structure
similar to the multiline signal in the S2 state with a
broader overall width, was found by two groups [19^
21]. The signal was assigned to the antiferro-magneti-
cally coupled S = 1/2 system in the ground state [21].
The S1 and S3 state EPR signals with broad line-
width were found in spinach PS II and assigned to
a ¢rst excited state S = 1 of an integer spin system
[22,23,26]. In Synechocystis sp. and spinach PS II
with 23 and 17 kDa extrinsic polypeptide depleted
a di¡erent S1 state signal indicating a hyper¢ne struc-
ture was observed [24,25].
Calcium is an indispensable metal cofactor for the
normal function of the water oxidizing complex
(WOC). An extended X-ray absorption ¢ne structure
(EXAFS) study has demonstrated the presence of
Ca2 in close vicinity to the Mn-cluster [28,29]. Oxy-
gen evolution is inhibited by selective depletion of
Ca2 and is restored by reconstitution of Ca2. It
has been proposed, based on FTIR study, that
Ca2 is coupled with one of four Mn in the cluster
presumably through a carboxylate bridge [30], and
that Ca2 depletion directly a¡ects the structure of
the Mn-cluster [31]. The formation of the S2 state in
Ca2-depleted PS II has been characterized by the
generation of a modi¢ed multiline EPR signal [32^
35].
Upon illuminating the Ca2-depleted PS II in the
S2 state, another EPR signal with a separation of
160 G is generated around g = 2 [36]. The signal
has been called the ‘S3P state signal’, because the
formation of the signal with a 160 G separation
around g = 2 is accompanied by a decrease in the
multiline signal intensity. The split signals observed
around the g = 2.0 region in Ca2-depleted and ace-
tate-treated PS II membranes were investigated by
several groups [36^51]. However, the obtained results
and conclusions of these studies are not coincident
with each other and are substantially di¡erent from
those in our present study [46,51]. Originally, the
g = 2.0 split signal was thought to arise from an or-
ganic radical with S = 1/2 interacting with an Mn-
cluster in the S2 state, where an oxidized histidine
was suggested as one assignment for the putative
radical [37]. In this scheme, a histidine is oxidized
without oxidation of manganese in the transition
from the S2 to S3 state [37]. In another scheme, in-
volvement of YZ in the split signal was proposed
based on pulsed electron nuclear double resonance
(ENDOR) and electron spin echo envelope modula-
tion (ESEEM) studies [42^46]. The involvement of
the Mn-cluster in the split signal has been supported
by results of pulsed 55Mn ENDOR that shows the
contribution of the manganese to the split signal in
acetate-treated PS II [45]. Based on this result, the
distance between YZ and the Mn-cluster was esti-
mated to be between 8.6 and 11.5 Aî [45]. These re-
sults are not consistent with the results obtained in
Ca2-depleted PS II [46,51^53].
YZ is an important electron transfer component on
the donor side, which is considered to be a direct
electron acceptor from WOC in the oxidized form
and a direct donor to P680 in the reduced form.
The EPR signals of the YZ radical are called Sig.
IIf or Sig. IIvf [54^58]. The observation of Sig. IIvf
is very di⁄cult in the presence of WOC because of
the fast donation of an electron to the oxidized YZ.
On the other hand, the YD radical, called Sig. IIs, is
very stable. Sig. IIs has shown hyper¢ne splitting
with an intensity ratio of about 1:3:3:1 which is
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interpreted by coupling with one of the L-methylene
protons and two equivalent C3;5-ring protons
[54,58]. ESEEM studies have shown that a neutral
tyrosine radical is responsible for Sig. IIs [59]. Based
on the similarity in the lineshape between the Sig IIf
and Sig. IIs, YZ has also been considered to be a
neutral radical [54,58^60]. However, the variation
in CW EPR lineshape and pulsed ENDOR spectra
of YZ have been found in Mn-depleted PS II mem-
branes depending on pH [61]. ENDOR studies of YZ
radicals in both Mn-depleted and Ca2-depleted PS
II have shown that there are two di¡erent forms of
tyrosine radical, neutral and cation-like [61,62].
In this work we will describe the application of
parallel polarization EPR, in observing integer spin
systems of the manganese cluster in WOC, and of
pulsed ENDOR, in detecting hyper¢ne structures rel-
evant to molecular and electronic structures of the
YZ radical. The S1 and S3 state EPR signals are
characterized based on the results of parallel polar-
ization EPR. Relevant to the characteristics of the
higher S states, the origin of EPR signals in Ca2-
depleted PS II will be discussed. Based on these re-
sults, the redox event of the manganese cluster with
relevant radicals will be proposed.
2. Methods
2.1. Parallel polarization EPR
Parallel polarization EPR studies have been per-
formed to detect vmS = 0 transitions connected with
spin matrix SZ, which has often been called the for-
bidden transition for a triplet state [63]. This method
is very useful for the determination of zero-¢eld split-
ting parameters D and E. In conventional EPR, the
microwave ¢eld H1 is applied perpendicular to the
static magnetic ¢eld H0 to detect transitions con-
nected with spin matrix S, where the spin system
is quantized along the magnetic ¢eld direction. In an
integer spin system, parallel polarization EPR is use-
ful in detecting non-Kramers doublets. It not only
enhances the S/N ratio of the non-Kramers doublet
but also eliminates impurity signals due to Kramers
doublets [64]. In contrast, parallel polarization EPR
detect transitions connected with spin operator Sz,
where the Sw1 spin system is not necessarily quan-
tized along the magnetic ¢eld direction because of
zero-¢eld interaction. In the S = 1 spin system, the
linewidth is much less in forbidden than in allowed
transitions, because the resonance ¢eld for the for-
bidden transition is about half of the allowed tran-
sition and less anisotropic. Therefore, it is possible to
observe a signal which cannot be detected in an al-
lowed transition of S = 1 spin system.
2.2. Pulsed ENDOR
ENDOR is one of the powerful tools used to in-
vestigate the microscopic environment of paramag-
netic centers via static and dynamic characteristics
of hyper¢ne interactions [65]. When EPR spectra
consist of several paramagnetic species, it is di⁄cult
to assign the ENDOR lines to component paramag-
netic species. In this case, ENDOR-induced EPR is
very e⁄cient in separating the spectra and addressing
the origin of the paramagnetic species.
3. New EPR signals from the S states and their
analysis
3.1. The structure of S1 and S3 states investigated by
dual mode EPR
Dexheimer and Klein [22] observed the S1 state
EPR signal for the ¢rst time using the parallel polar-
ization EPR. The S1 state signal centered at g = 4.8
with a peak-to-trough width of about 600 G has
been attributed to the S = 1 spin state of a weakly
antiferro-magnetically coupled manganese spin. The
temperature variation of the signal intensity was ex-
plored and it indicated that the signal arises from an
excited state of spin S = 1 with a separation from the
ground S = 0 state of about 2.5 K [23]. The decrease
in the S1 state signal intensity demonstrated a linear
relationship with the increase in the S2 multiline sig-
nal intensity, while no correlation was observed be-
tween the intensities of the S1 state signal and the
g = 4.1 signal [22,23]. Therefore, it has been con-
cluded that the S1 state signal arises from the man-
ganese center responsible for the multiline, but not
for the g = 4.1 signal. The S1 state signal was also
observed in the sucrose bu¡er supplemented by
50% glycerol. However, no S1 state signal was de-
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tected in the presence of 3% methanol or 30% ethyl-
ene glycol in the sucrose bu¡er, although illumina-
tion at 200 K in the presence of these alcohols in-
duced the maximum yield of the normal multiline S2
signal. These results suggest that the exchange cou-
pling between the manganese ions in WOC is easily
a¡ected by the binding of small molecules.
The S1 state signal shows a slight anisotropy for
resonant ¢eld position in oriented membranes [66].
The signal intensity shows an appreciable anisotro-
py: maximum and minimum were observed for the
magnetic ¢eld directions parallel and perpendicular,
respectively, to the membrane normal (Fig. 1). Good
¢ts of the simulated line shape and intensity, ob-
served in the non-oriented and oriented membranes,
were obtained using the values of the zero-¢eld pa-
rameter, D = þ 0.14 þ 0.01 cm31, E/D =30.11 þ 0.02
and S = 1 [66] for the following spin Hamiltonian:
H  gLH WS DS2z3SS  1=3  ES2x3S2y 1
The anisotropy of signal intensity shows that the
axial direction of the zero-¢eld interaction of the
manganese cluster is almost parallel to the membrane
plane.
Recently, Campbell et al. have observed an S1
state EPR signal at g = 12 ¢eld position accompanied
by a hyper¢ne structure in Synechocystis sp. and spi-
nach core particles lacking the 17 and 23 kDa ex-
trinsic proteins [24,25]. These di¡erent spectral fea-
tures may re£ect that the the S1 state is easily
a¡ected by structural change in WOC, resulting in
the hyper¢ne structure caused by exchange narrow-
ing of each linewidth. If the signals in these sample
arise from S = 1, the di¡erence between the g values
in the two kinds of S1 state signals suggests that the
zero-¢eld interactions are also modi¢ed by the struc-
tural change. S = 2 spin is also proposed based on the
spectral simulation [67]. However, there is seldom
such a case that S = 2 signal shows hyper¢ne struc-
ture at the low ¢eld, because Zeeman-splitting is not
so sensitive to variation of ¢eld in this range [64].
Further studies will be necessary to characterize the
S1 state signal with hyper¢ne structure.
Fig. 2 shows new EPR signals observed on parallel
(A) and perpendicular (B) polarized modes in ori-
ented PS II membranes by illumination for 10 min
at 235 K. The g = 12 and 8 signals in Fig. 2A have
revealed the maximum intensity by illumination at
about 245 K but no appreciable signal intensity is
detected by illumination below 200 K [26]. By £ash
Fig. 1. Parallel polarization EPR signal for the S1 state in ori-
ented PS II membranes for the magnetic ¢eld direction of 0‡
and 90‡ from the membrane normal, respectively. The spectra
are obtained by dark minus light signals, where the S1 state
sample was illuminated at 200 K for 10 min. Solid lines display
the result of computer simulation using the best-¢t parameters,
S = 1, g = 2.0, D = þ 0.14 cm31, E/D =30.11 for the orientation
of the zero-¢eld interaction axis along the membrane plane.
The ¢gure was taken with a slight modi¢cation from [66].
Fig. 2. Angular dependence of the EPR spectra in oriented PS
II membranes observed by parallel (A) and perpendicular (B)
modes. The angles between the external magnetic ¢eld direction
and the membrane normal are 0‡ (a) and 90‡ (b), respectively.
The spectra of the S2 state produced by 200 K illumination
have been subtracted from each spectra as a background after
annealing at 235 K to diminish g = 4.1 signal. The ¢gure was
taken with a slight modi¢cation from [26].
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illumination, the signals were generated after two
£ashes and their intensity had a period of four oscil-
lations indicating that the signals could be assigned
to the S3 state [26]. Another broad signal was also
detected at gW6.7 with a peak to trough width of
700 G in the perpendicular microwave mode (Fig.
2B). The two signals at g = 12 and 8 show di¡erent
orientation dependence on the magnetic ¢eld direc-
tion as shown for 0‡ and 90‡ from the membrane
normal, respectively. The signal intensity at g = 12
is maximal for 90‡, and that at g = 8 is maximal for
0‡. The three spectra can be simulated for Eq. 1
using the values of zero-¢eld parameters D =
þ 0.435 þ 0.005 cm31 and ME/DM= 0.317 þ 0.002 with
a Gaussian line width vX= 200 MHz for S = 1. The
zero-¢eld interaction loses axial symmetry in contrast
to that for the S1 state.
Whether the manganese is oxidized in the transi-
tion from the S2 to S3 state or not is still a matter of
debate [3]. A shift of the K-edge in the X-ray absorp-
tion near edge structure (XANES) experiment gives
information on oxidation of the manganese cluster.
However, the shift of the K-edge does not always
indicate the manganese oxidation directly, because
the oxidation of the directly bonded ligands of man-
ganese such as histidine may give a similar shift of
K-edge. The observed S3 EPR signal arises from an
integer spin with large g values [26]. If we assume an
interaction between the organic radical (S = 1/2,
g = 2) and the multiline signal (S = 1/2, g = 2) or the
g = 4.1 signal (S = 3/2 or 5/2), the resulting signal
would appear in the region g = 2^4. On the other
hand, if we assume an interaction between the organ-
ic radical and a higher integer spin system of the
manganese cluster with gs 12, the production of
the S3 state signal observed so far would be possible.
However, no signal with gs 12 was found in the S2
state, from which the present S3 state signal was
produced. Therefore, we may suggest that the man-
ganese ion is directly oxidized in the transition from
the S2 to S3 state.
Recently, Ioannidis et al. have reproduced the S3
state signal and, furthermore, found a new EPR sig-
nal at g = 2 induced by NIR illumination at 50 K
[27]. If the manganese cluster has been oxidized in
the transition from the S2 state to S3 state, some
intermediate states similar to those responsible for
the doublet and singlet-like signals in Ca2-depleted
PS II might be suggested [46,53]. However, there is
no experimental evidence that the YZ radical contrib-
uted to this case. It may be possible that an internal
conversion between the energy levels of the Mn clus-
ter occurred as observed in the S2 state [17,18]. To
clarify the relevance of both signals in untreated PS
II and Ca2-depleted PS II, further studies will be
necessary.
We have obtained the directions of the zero-¢eld
interaction relative to the membrane normal in the S1
and S3 state signals [26,66]. The S1 and S3 state sig-
nals show quite di¡erent orientation dependence rel-
ative to the membrane normal, although both signals
could be ascribed to S = 1 spin state. The di¡erence
in orientation dependence for these S states may be
considered based on the valence states and structural
organization in both states as follows.
Generally, the zero-¢eld splitting parameter D in
Eq. 1 can be expressed as [68] :
D  4idiDi  4isjdijDij 2
where summation i and j take over the four manga-
nese ions. Di is the zero-¢eld interaction constant of
the ith manganese ion and Dij is the dipolar interac-
tion between the ith and jth manganese ions. di and
dij are the constants describing spin projection of the
exchange coupled spin on each manganese interac-
tion. The values of di and dij could be derived, if
the exchange interaction scheme were known. We
may compare the values of parameters for the S1
and S3 state signals with those in model compounds.
The zero-¢eld splitting parameters for a single
Mn(III) ion were given as DMn =33.4 cm31,
EMn =30.116 cm31 for the Mn(III) in TiO2 [69],
while they are DMn =30.196 cm31 and EMn =V0
for the Mn(IV) in Al2O3 [70]. The trigonal symmetry
around Mn(IV) in Al2O3 indicates a low D value,
while the rhombic symmetry around Mn(III) produ-
ces a large D value [69,70]. Though the S1 state in-
cludes more Mn(III) ions than the S3 state, the rela-
tively small value of D in the S1 state indicates most
of the interactions due to Mn(III) ions may be can-
celled via a structure with a rather high symmetry. A
model manganese complex composed of a dimer of
dimers has shown a similar EPR spectrum observed
by parallel mode [71]. Actually, no EPR signal has
been detected in the model compound with a cubane
core complex with a completely symmetric structure
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[72]. It is interesting that one electron reduction and
oxidation of the cubane core complex produces EPR
signals, respectively, with a multiline similar to that
in the S2 state and with a high g value as observed in
the S2 and S3 states of WOC [73].
On the other hand, the larger D and E/D values
for the S3 state signal may suggest that the contribu-
tion of the dipolar interaction between the Mn ions
is dominant. The magnetic dipole interaction pa-
rameter can be calculated to be D0;MnÿMn = (gL)2/
r3 = 0.088 cm31, for an inter-manganese distance
r = 2.7 Aî in a typical W-oxo bridged pair [74]. As
the value of dij is 0^3 [68], the ¢tted value of D for
the S3 state seems to be interpreted by contribution
of the second term in Eq. 2.
Not only the valence state of the four manganese
ions but also the symmetry of the Mn cluster is sug-
gested to change from the S1 to S3 state. However, to
derive the correct information, further re¢nement ex-
tended by the structure of WOC and the interaction
between the four manganese ions will be necessary.
3.2. Doublet, singlet-like and manganese S = 2 spin
signals in Ca2+-depleted PS II
The so-called ‘split signal’ in Ca2-depleted PS II
has been analyzed without consideration of other
overlapping signals in the literature. However, it
has been revealed that the split signal consists of
two di¡erent components that overlap around the
g = 2 region, i.e. a symmetric doublet and an asym-
metric singlet-like signal [46]. The former has a split-
ting of approximately 150 G centered at g = 2 as
shown in Fig. 3b and is induced by illuminating
the Ca2-depleted PS II in the S2 state for a short
period of 5 s at 273 K, while the latter signal as
shown in Fig. 3c is induced by a longer illumination
period [46]. The formation of the doublet signal was
accompanied by about 40% decrease of the multiline
signal intensity and that of the singlet-like signal was
accompanied by the remaining 60% decrease in mul-
tiline intensity [46]. DCMU addition to the stable S2
state did not inhibit generation of the doublet signal
but inhibited that of the singlet-like signal, indicating
that at least two turnovers beyond the S2 state are
required for formation of the latter signal.
Pulsed ENDOR-induced EPR study indicated that
YZ is associated with the doublet signal, but not with
the singlet-like signal as shown in Fig. 4b [46]. The
doublet signal has been best ¢tted by the simulation
Fig. 4. (a) Davies ENDOR spectra of the Ca2-depleted PS II
without DCMU. The Ca2-depleted PS II membranes were illu-
minated for (1) 3 min and (2) 5 s (3) in the S2P state at 273 K.
(b) Pulsed ENDOR-induced ESE spectrum observed for the
trace (2). The pumping nuclear magnetic resonance frequency
(the arrowhead in panel a) was ¢xed at 30 MHz for sweeping
the magnetic ¢eld to observe the pulsed ENDOR-induced ESE
spectra (see text). The ¢gure was taken from Fig. 3 in [46].
Fig. 3. Field sweep ESE observed in Ca2-depleted PS II. (a)
The S2P state was formed by dark adaptation for 60 min after
1 min illumination at 273 K, (b) the S3P state obtained by illu-
mination of the same sample in the S2P state at 273 K for 5 s
with subtraction by S2P state spectrum, and (c) a higher state
formed by illumination of the same sample in the S2P state at
273 K for 3 min with subtraction by S2P and S3P state spectra.
EPR conditions; 16^200^24 ns for Z/2^d^Z pulse sequence ob-
served at 6 K. The ¢gure was modi¢ed from Fig. 1 in [46].
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taking a dipolar D0 = 130 G and an exchange
J =340 G interaction parameters [46]. These param-
eters are also consistent with the anisotropy in the
oriented Ca2-depleted PS II [51].
We have proposed the following scheme for for-
mation of the doublet signal [46] :
S2R::HYZÿ!hX S2R::HYZ !
S2RH:::YZ ! S3fRH::YZg doublet 3
where the oxidized YZ releases its hydroxyl proton to
the neighboring amino acid residue R that is then
reduced by manganese. The distance between R
and YZ was estimated to be 5.3 Aî [46]. The oxidation
of manganese occurred synchronized with formation
of the doublet signal. It is consistent with the result
of the K-edge shift induced by a single £ash from the
S2P state in the Ca2-depleted PS II that indicates the
oxidation of manganese [31].
Illuminating Ca2-depleted membranes in the S2P
state for 1 min generated new EPR signals at g = 11
and 15 observed by dual mode EPR, respectively, as
seen in Fig. 5B,C [53]. Two turnovers of the WOC
beyond the S2P state are required for the appearance
of these signals. The formation of the signals corre-
lated with that of the asymmetric singlet-like EPR
signal observed at gV2. Spectral simulation for the
spin Hamiltonian Eq. 1 indicated that both signals
observed at g = 11 and 15 arose from transitions be-
tween M2s levels with intradoublet splitting of
D = 0.276 cm31 in an S = 2 spin system. S = 2 state
EPR spectra similar to the low-¢eld signals found in
this study have been reported for synthetic Mn(III)
monomer and W2-carboxo-W2-oxo bridged Mn(III)^
Mn(III) dimer [74]. Therefore, a monomeric Mn(III)
nuclei, dimeric Mn(III)^Mn(III) or Mn(IV)^Mn(IV)
are good candidates for generating the low-¢eld sig-
nals. EXAFS and EPR studies have demonstrated
one or two di-W2-oxo bridged Mn dimers in the
Mn-cluster in the WOC [3]. The g = 11^15 signals,
however, cannot be ascribed to the di-W2-oxo bridged
Mn dimer, which is strongly antiferromagnetic [75],
since the exchange interaction for Mn dimers with an
S = 2 spin system may be rather weak.
After two turnovers from the S2P state in Ca2-
depleted PS II, a singlet-like signal with an asymmet-
ric lineshape centered at gV1.98 is observed at the
same time as the formation of the S = 2 spin signal at
the region g = 11^15. The S = 1/2 behavior of the sin-
glet-like signal has been observed [46], indicating that
the state after the two turnovers from the S2P state
consists of integer and half-integer spins. It has been
di⁄cult to characterize the singlet-like signal because
of overlapping with the doublet signal.
The interpretation of the so-called ‘split signal’ is
contradictory among several reports. We have as-
cribed the doublet signal splitting in Ca2-depleted
Fig. 5. E¡ects of illumination time and addition of DCMU on
perpendicular (A, B) and parallel (C) mode EPR. Ca2-depleted
PS II membranes were sequentially illuminated for 1 min, dark
adapted for 60 min, and then illuminated for 5 s (a), 20 s (b)
and 60 s (c and d) at 273 K. Fifty WM DCMU was added to
the sample before the second illumination for trace (d). Spectra
were shown after subtracting the S1 state spectrum of dark
adapted samples (a^c) or the S2P state spectrum of the sample
dark adapted after the second illumination (d). The ¢gure was
taken with a slight modi¢cation from [53].
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PS II to a dipolar interaction as main contribution
[46,51]. On the other hand, the split signal in acetate-
treated membranes was ascribed to a large exchange
coupling as main contribution [45,47^49]. The S2YZ
interaction has been proposed for the formation of
the split signal based on the pulsed ENDOR in ace-
tate-treated PS II [45] and the shift of positions of
the multiline signal accompanied by split signal in
acetate-treated membranes from that in PS II treated
by nitric oxide [47]. Besides, the variation of the ex-
change and dipolar interaction parameters depending
on chemical treatments has been derived by simula-
tions based on the result of high frequency CW EPR
[50]. One of the reasons for these inconsistencies is
ascribed to di¡erences between the sample treat-
ments, i.e. Ca2-depleted, acetate-treated and NH4-
Cl-treated samples. Therefore, it is not clear whether
these signals obtained in di¡erently treated samples
are the same paramagnetic species or not. Another
reason may be ascribed to the heterogeneity of the
signals in the g = 2 region that was not considered in
the works reported for Ca2-depleted PS II [45,47^
49]. In Ca2-depleted PS II, two kinds of signals
(doublet and singlet-like signals) have been formed
at the gV2 ¢eld position [46,53]. The formation of
the radical species in di¡erently treated samples
should be checked. The third reason is that the line-
shape of the split signal measured by CW EPR is
ambiguous. A peak in CW EPR (i.e. derivative spec-
trum) does not give the correct resonant position,
but only a position of maximum slopes in an absorp-
tion spectrum. The characteristics of split signals ob-
served by CW EPR have been extensively investi-
gated and ¢tted with simulations [47^50], however,
the simulations of the spilt signals have been eval-
uated by ¢tting of the peak-to-peak separations in
CW EPR spectra.
It should be taken into consideration that the
peak-to-peak separations of the split (or doublet)
signals measured by ¢eld sweep electron spin echo
(ESE) indicate almost the same value of 150^160 G
for both Ca2-depleted [46] and acetate-treated sam-
ples [44], although these treatments reveal very di¡er-
ent spectral shapes in CW EPR. This di¡erence may
be interpreted by the fact that the split spectra in CW
measurements are inhomogeneously broadened by
the local ¢elds, which do not in£uence the peak
height of ESE signals.
3.3. The characteristics of YZ and its pH dependence
studied by pulsed ENDOR
The pH dependence of EPR and pulsed ENDOR
spectra of YZ in Mn-depleted PS II membranes have
been studied in Mn-depleted PS II [61]. Above pH
6.5, the spectrum of the YZ is quite similar to that of
the YD radical and assigned as that of a neutral
radical consistent with previously reported results
[55^57]. The spectrum is, however, distinct from the
YD spectrum below pH 6.0, and can be reasonably
simulated by assuming a distribution of spin density
on a cation-like radical [61]. These results are
thought to indicate that the oxidized YZ exists as a
neutral radical above pH 6.5, while as a cation-like
radical below pH 6.0 in Mn-depleted PS II.
The YZ radical can be trapped by immediate freez-
ing after illumination of Ca2-depleted PS II, which
preserves the Mn cluster, at about 253 K [52]. The
spectrum of the YZ radical trapped in the YZS1 state
of Ca2-depleted PS II at pH 5.5 showed cation-like
forms as in Mn-depleted PS II. At pH 7.0, the pulsed
ENDOR spectrum of the YZ signal was a mixture of
the cation-like and neutral radical spectra, while only
that of the neutral radical was observed in Mn-de-
pleted PS II. Upon illuminating Ca2-depleted PS II
in the S2P state under the conditions that limit PS II
to a single turnover by DCMU addition or short
illumination, a doublet signal with a 150 G splitting
appears around g = 2 [46]. The pulsed ENDOR spec-
trum for the doublet signal at pH 5.5 observed by a
single turnover after the S2P state was identi¢ed as
that of the neutral tyrosine radical. The results indi-
cate that the neutral YZ radical participates in the
doublet signal even at pH 5.5 [62].
4. Oxidation of Mn-cluster during S state cycle
Let us summarize the oxidation scheme of the Mn-
cluster induced by S state transition obtained from
this study. Several EPR signals relevant to the Mn
cluster in WOC have been characterized. The S2 state
of the manganese cluster has been extensively dis-
cussed. It has been proposed that a di-W-oxo bridge
of Mn(III)^Mn(IV) with a spin S = 1/2 is included in
the S2 state based on comparison of the multiline
signal with that of the model compound [4,7]. How-
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ever, the valences of the other manganese ions except
for the di-W-oxo-bridged Mn pair are still unclear.
Both multiline and g = 4.1 signals in the S2 state
have been assigned to half integer spins of S = 1/2
and 3/2 or 5/2, suggesting that the rest of the man-
ganese, other than the Mn(III)^Mn(IV) pair, have
the valences of both Mn(III) or both Mn(IV) to en-
sure the integer spin of the Mn-cluster [76,77]. We
tentatively assumed Mn(III)+3Mn(IV) for the valen-
ces of the S2 state Mn-cluster for simplicity. There-
fore, the manganese oxidation is considered in the
transition from 2Mn(III)+2Mn(IV) in the S1 to
Mn(III)+3Mn(IV) in the S2 state [3]. In agreement
with the results, the S1 state signal has shown the
characteristics of an integer spin S = 1 [22,23]. It is
also proposed that there are no structural modi¢ca-
tions of the di-W-oxo bridged Mn pair in the transi-
tion of the S1 to S2 state. [3,78]. The oxidation state
of the S2 state Mn-cluster in Ca2-depleted PS II can
be assumed to be Mn(III)+3Mn(IV), since addition
of Ca2 to the sample in the S2P state restores the
normal multiline signal of untreated PS II. We pro-
posed the oxidation of manganese in the transition
from the S2 to S3 state in both Ca2-depleted PS II
[53] and untreated PS II [26]. In untreated PS II
membranes, illumination oxidizes the manganese
cluster to give a 4Mn(IV) cluster with an S = 1 spin
system in the S3 state. In Ca2-depleted PS II mem-
branes, short illumination oxidizes approximately
40% of the S2 state WOC by one equivalent to give
the radical pair corresponding to the doublet signal
and the EPR silent 4Mn(IV) cluster [53]. The remain-
ing 60% of the center is oxidized by two equivalents
to yield the two isolated magnetic centers via an EPR
silent state; one is the Mn(IV)^Mn(IV) pair with an
S = 2 spin system and the other is an S = 1/2 spin
system. We assume that a Mn(IV)^Mn(IV) pair in-
teracts with a radical with S = 1/2 spin state (denoted
as X in Scheme 1) to give the singlet-like spectrum.
The quantum e⁄ciency is considered to be higher in
the doublet signal formation, than that in formation
of the singlet-like and the low-¢eld signals. We sum-
marize the oxidation model for the manganese clus-
ter proposed so far in Scheme 1.
The heterogeneity, which induces two populations
of doublet and singlet-like signals in the Ca2-de-
pleted PS II, might be in£uenced by the heterogene-
ity of the YZ radical (cation-like and neutral forms
[61,62]), although the direct correlation to the oxida-
tion of the manganese is not clear.
Scheme 1.
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5. Conclusion
At present, all the EPR signals except for the S4
state of the manganese cluster in untreated PS II
membrane have been observed. The EPR signals of
S2 and S3 in chemically modi¢ed PS II have also
been studied. Although these signals have provided
a lot of models and speculation of mechanisms of
water oxidation, the structures and functions of the
manganese cluster in WOC are still unclear. It is
anticipated that the advancement in the knowledge
of EPR characteristics obtained so far will aid future
investigations.
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